The gene that encodes a thermostable endo-arabinase (called ABN-TS) from Bacillus thermodenitriˆcans TS-3 was cloned, sequenced, and expressed in the mesophilic B. subtilis. The gene contained an open reading frame consists of 939 bp, which encodes 313 amino acids. The deduced amino acid sequence of the enzyme showed 50, 46, and 36% similarity with endo-arabinase from B. subtilis IFO 3134 (PPase-C), Pseudomonas ‰uorescens (ArbA), and Aspergillus niger (ABNA), respectively. The hydrophobic and acidic amino acids making up ABN-TS outnumbered those in PPase-C. The gene product expressed in B. subtilis, as the host, had substantially the same characteristics, and was stable up to 709 C, and the reaction was optimal around 709 C, as well as native ABN-TS.
Endo-arabinase (ABN, EC 3.2.1.99) is an endotype enzyme which hydrolyzes the a-1,5-Larabinofuranoside linkage of arabinan. Arabinan is a component of plant cell walls and consists of a backbone of a-1,5-linked L-arabinofuranosyl residues, some of which are substituted with a-1,2-and a-1,3-linked L-arabinosyl side chains in furanose conformation. 1) There is some evidence to suggest that, in plant cell walls, arabinan is generally linked to the rhamnopyranosyl units of rhamnogalacturonan. 2, 3) Sakai and Sakamoto have reported a protopectinase (protopectinase-C) from Bacillus subtilis IFO 3134, that does not catalyze polygalacturonic acid degradation. 4) The protopectinase-C (PPase-C) acts on releasing of pectin from protopectin by splitting endo-1,5-a-L-arabinase linkages of the arabinan region in arabinogalactan, which attaches pectin to the cell wall constituents. 5) In addition to endo-arabinase (ABN), a-L-arabinofuranosidase (ABF) also works on degrading arabinan; The enzyme, which cleaves the arabinose side chains, facilitates an endoarabinase reaction to attack the arabinan backbone. They act synergistically in degrading branched arabinan to generate L-arabinose. 6) Microbial mesophilic ABNs have been described in several species of Bacillus, 4,7-9) Pseudomonas, 10) and Aspergillus, 6, 11) and some of their genes have been cloned. 10, 12, 13) We recently isolated a thermophilic bacterium, which was identiˆed as a strain of B. thermodenitriˆcans (strain TS-3), that produced a thermostable ABN, designated ABN-TS (submitted for press). The enzyme showed optimal activity at 709 C and pH 6.0, and its thermostability was characterized by a half-life of 4 h at 759 C. The ABN-TS did not show pectin-releasing activity from sugar beet protopectin, unlike PPase-C. To discover what molecular structure makes enzyme to be thermostable, and also to overproduce the enzyme, we dealt with the cloning of the ABN-TS gene (abn) and expression of abn in B. subtilis. This paper describes theˆrst cloning and characterization of a thermostable ABN gene, from B. thermodenitriˆcans TS-3, and comparisons with those of other mesophilic ABNs.
In order to generate a probe to allow cloning of the gene encoding ABN-TS, two kinds of degenerate deoxyoligonucleotide primers, designed based on amino acid sequences of the N-terminal (Val-HisPhe-His-Pro-Phe-Gly) and a trypsin-digested fragment of ABN-TS (His-Thr-Gly-Ser-Gly-Ile-Gln). The PCR was done using Taq polymerase (Takara Shuzo, Kyoto, Japan) with 1 mg of the B. thermodenitriˆ-cans TS-3 genomic DNA and 10 mM of each degenerate primers. The cycle of PCR was follows; 949 C for 2 min once, followed at 949 C for 1 min, 559 C for 1 min, 729 C for 2 min with 30 cycles. The PCR product of approximately 140 bp was subcloned into pT7Blue T-vector (Novagen, Madison, WI, USA) to construct a new plasmid, pABN. The ‰uorecein labeled EcoRI-HindIII 140 bp fragment from pABN was used as a probe to screen and isolate the clone containing ABN-TS gene from pUC18-based B. thermodenitriˆcans TS-3 genomic library. As a result, three positive clones were obtained, and they contained recombinant plasmids (pUCabn) that carried the 1.6-kb Bgl II-BamHI insert, which was sequenced in both directions.
The nucleotide sequence and the deduced amino acid sequence of the open reading frame (ORF) of the ABN-TS gene, which encodes 313 amino acid residues, are shown in Fig. 1 . Here, amino acid sequences of N-terminal amino acid sequence (the former) and a tryptic fragment (the other) of the ABN-TS, which were used for constructing the primers used in PCR for generating a DNA probe, are indicated by double underlines. The signal sequence for secretion is not found around the Nterminal region. Since the N-terminal amino acid residue of native ABN-TS is Val, the mature enzyme seems to be formed after processing by methionine aminopeptidase. Thus, mature ABN-TS is a polypeptide consisted in 312 amino acids with a calculated molecular mass of 35,283 Da and a calculated pI of 4.6. These values correspond well to the experimental data of the native enzyme (molecular mass, 35 kDa from SDS-PAGE; pI, pH 4.5).
Analysis of the nucleotide sequence upstream of the ATG initiation codon of ABN-TS gene indicated the presence of a purine-rich sequence (5?-AAAAG-GA-3?) that probably contains the ribosome binding site (RBS). Upstream from the putative RBS, there are putative "35 (TTGAGA) and "10 (TCTCAG) promoter signals between nt 174 and 179 and between nt 197 and 202, respectively. These putative promoter sequence are similar to the promoter sequence recognized by the Sigma A transcription factor in B. subtilis. 14) No potential terminator sequence is found downstream of the stop codon.
Known endo-arabinases (EC 3.2.1.99) are classied into the glycoside hydrolase family 43. 15, 16) The deduced amino acid sequences of the ABN-TS were compared with the known sequences in the family 43 glycanases, with the aid of the BLAST database. The ABN-TS had signiˆcant similarity to the family 43 glycanase; the ABN-TS had similarity to such microbial endo-arabinases as PPase-C from B. subtilis IFO 3134, ArbA from P. ‰uorescens, and ABNA from A. niger, with 50z, 46z, and 36z similarity, respectively. Family 43 contains b-xylosidase (EC 3.2.1.37), a-L-arabinofuranosidase (EC 3.2.1.55), bifunctional b-xylosidase W a-L-arabinofuranosidase, and b-xylanase (EC 3.2.1.8). The ABN-TS had low similarity with the following enzymes: 24z with bifunctional b-xylosidase W a-L-arabinofuranosidase from Butyrivibrioˆbrisolvens GS 113 (xylB), 17) 24z with b-xylosidase from B. pumilus (xynB), 18) and 25z with xylanase D from B. polymyxa (xynD). 19) Family 43 belongs to clan GH-F. The enzymes in the clan are known to catalyze the splitting of glycosidic linkages in their substrates by an inverting mechanism, although their catalytic sites in the enzymes are not yet clear. 16) Figure 2 shows the alignment of the deduced amino acid sequence of ABN-TS with some members of family 43. These enzymes contained eleven highly conserved amino acid residues, which are thought to be essential for catalysis and W or maintenance of structural integrity of the family 43 glycanase.
As mentioned above, the ABN-TS had the highest similarity with PPase-C, a less-thermostable ABN, of the ABN types tested. However, in comparison with the PPase-C, the ABN-TS contains more acidic amino acids (Glu and Asp): 16 molecules of Glu and 24 molecules of Asp in ABN-TS, but 9 molecules of Glu and 17 molecules of Asp in PPase-C. These molecular characteristics re‰ect the diŠerence of isoelectric points between the two enzymes, namely, pH 5.3 (ABN-TS) and pH 9.0 (PPase-C). 4) In addition, the ABN-TS is rich in hydrophobic amino acids (Phe and Val) and poor in hydrophilic amino acids (Ser and Thr). We have found that a thermostable pectate lyase (PL 47, a pectin degrading enzyme) from a thermopilic bacterium, Bacillus sp. TS 47, 20, 21) contains more hydrophobic amino acids than the less thermostable pectate lyase (BsPel) from B. subtilis SO113, 22, 23) and have speculated that hydrophobic amino acids contribute to its thermostability. Since the ABN-TS is rich in hydrophobic amino acids, similar to PL 47, these amino acids may contribute to thermostability of the ABN-TS.
In order to express the ABN-TS gene in B. subtilis, an expression plasmid for the gene was constructed; A 1.6-kb BamHI-SphI fragment containing the ABN-TS gene from pUCabn was inserted into the BamHI-SphI sites of pUB110 24) so as to construct the new plasmid pUBabn, as shown in Fig. 3(A) . Bacillus subtilis MI112 25) harboring pUBabn was cultured in LB medium containing 10 mg W ml kanamycin at 379 C for 16 h with shaking, and the recombinant ABN produced in the cultureˆltrate was puriˆed by hydrophobic (phenyl-Sepharose), anion ion exchange (Mono Q), and gelˆltration (Superdex 75) chromatographies. Arabinase activity was measured in a mixture containing 200 ml of 0.5z debranched arabinan (Megazyme, County Wicklow, Ireland) in 100 mM acetate buŠer, pH 6.0, and 10 ml of appropriately diluted enzyme solution was incubated at 709 C for 30 min. Activity on debranched arabinan was assayed by measuring the release of reducing groups by the method of Somogyi. 26) One unit of activity was deˆned as the activity that liberates reducing groups corresponding to 1 mmol of L-arabinose per min per milliliter of reaction mixture at 709 C. The puriˆed recombinant enzyme had substantially the same characteristics as the native enzyme: It was most active at 709 C toward debranched arabinan and stable for 30 min at temperature up to 709 C. The speciˆc activity for recombinant ABN-TS toward debranched arabinan was approximately 420 units W mg protein, which was very close to that of native enzyme (445 units W mg protein). The molecular mass of the recombinant ABN-TS was approximately 35 kDa, by SDS-PAGE, which was the same as that of the native enzyme ( Fig. 3(B) ). The results, obtained here, support the idea that the cloned ABN gene encodes for the ABN-TS in B. thermodenitriˆcans TS-3.
In order to understand the peculiarities of thermostable enzymes, further studies including X-ray crystallographic and mutational analyses of the enzyme will be required to clarify the relationship be-tween structure and thermostability of ABN.
